Background Femoral rotation on AP radiographs affects several parameters used to assess morphologic features of the proximal femur but its effect on femoroacetabular impingement parameters remains unknown. Question/purposes We therefore evaluated and characterized the potential effect of femoral rotation on (1) AP alpha angle, (2) lateral-center edge angle (LCEA), and (3) medial proximal femoral angle (MPFA) on AP hip radiographs. Methods We took seven AP hip radiographs at intervals of successive femoral rotation on a single dry, cadaveric specimen: 60°, 40°, and 20°internal rotation; 0°neutral/ anatomic rotation; and 20°, 40°, and 50°external rotation. The AP alpha angle, LCEA, and MPFA were measured on all radiographs by two independent evaluators.
Introduction
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initially described by Notzli et al. [25] and validated on axial oblique images of MRI [25] (and subsequently CT [14] ), has recently emerged as a method of quantifying the cam lesion. The lack of universal availability of MRI and potential uncertain risks of radiation from CT have been limitations with these imaging modalities, forcing exploration of the measurement methods with biplanar radiographs [2, 11, 23, 35] to ensure wider applicability for screening [12, 34] . More recently, AP radiographs have been used for assessment of cam morphology [2, 11, 23] . Additionally, other measurement parameters, such as the lateral center-edge angle (LCEA) [41] and medial proximal femoral angle (MPFA) [27] , both originally validated on AP radiographs, have been adapted in diagnosing FAI acetabular morphologic features (pincer type) [5, 18, 29] and used to predict the progression of OA [1] .
The emerging use of AP radiography (a convenient, low-cost, and widely available modality) for wider FAI evaluation inevitably invites concern of the welldocumented variability in pelvic tilt, magnification, and femoral rotation associated with AP radiographs [3, 20, 32, 36, 38] . Femoral rotation reportedly affects the neck-shaft angle [17] , femoral offset [40] , Southwick slip angle [21] , preoperative hip arthroplasty templating [20] , and femoral canal measurements [6] . The use of FAI hip measurement parameters requires an accurate radiographic representation of the proximal femur on AP radiographs to be clinically reliable; on AP radiographs, femoral rotation, which may alter the appearance of the proximal femur, may substantially decrease the clinical reliability of these parameters. Currently, the effect of femoral rotation on FAI hip measurement parameters remains unknown.
We therefore evaluated and characterized the potential effect of femoral rotation on (1) AP alpha angle, (2) LCEA, and (3) MPFA on AP hip radiographs.
Materials and Methods
We procured a single, dry-bone cadaveric pelvis and femur from the same donor. On visual inspection and radiographic analysis, the dry cadaver did not show any grossly obvious proximal femoral deformity, acetabular dysplasia, degenerative disease, or secondary osseous changes related to labral abnormalities ( Fig. 1 ). Institutional review board approval was not required, as this study did not use living subjects.
Radiolucent umbilical tape, serving as an artificial ligamentum teres, was fastened to the femoral head with adhesive and attached to the center of the acetabulum to ensure stable containment of the femoral head in the pelvis during various degrees of rotation. The cadaveric pelvis and proximal femur was placed 4 feet (120 cm) from the x-ray machine (40-to 125-kVp range; SEDECAL IDEAL, SHF-520; SEDECAL, Madrid, Spain). The beam was centered at the hip and the position was not altered while the femur was rotated. A boardcertified radiographer performed an AP hip radiograph of the cadaveric pelvis and the proximal femur in 0°neutral/anatomic rotation by placing a metal pin on the superior border of the central femoral head-neck-trochanter axis and ensuring this was parallel to the radiographic cassette [4, 13, 39] ; additionally, in this position, a central line marking was made along the superior central axis of the proximal femur. This technique essentially negated the normal femoral anteversion, which was 20°in our cadaver. The normal anteversion was measured by placing the femur on a flat surface with femoral condyles flush to the surface and measuring the exact degree of anteversion of the femoral neck using a medical goniometer. With the pelvis secured, the acetabulum in a consistent position, and the femoral head in constant articulation, rotation was performed. We took care to avoid translation or gliding motion and the umbilical tape prevented any lateral subluxation of the femoral head. Using a medical goniometer, the axis marking previously drawn on the superior proximal femur in relation to the cassette was used to measure the exact degree of rotation. We then x-rayed the femur in rotations of 20°, 40°, and 60°internal rotation (IR) from the neutral position and 20°, 40°, and 50°external rotation (ER) from the neutral position for a total of seven radiographs (Fig. 2) . The pelvis was secured to the table and remained in the same position while the femur was rotated. Sixty degrees ER was not possible with this cadaver owing to eventual mechanical femoroacetabular abutment.
Two of us (SM, MA) used Merge 1 PACS TM imaging software (Merge Healthcare Inc, Chicago, IL, USA) to measure the alpha angle [25, 35] , LCEA [41] , and MPFA [1, 27] on each femoral rotation radiograph ( Fig. 3 ). Intraobserver and interobserver reliabilities for each measure were assessed using intraclass correlation (ICC) Fig. 1 The cadaveric pelvis and proximal femur used in this study are shown. analysis to verify the reliability of the measurement method used in this study. ICC has a range between 0.0 and 1.0, with values closer to 1.0 representing stronger agreement. The interobserver reliability ICCs were 0.995 (95% CI, 0.972-0.999; p \ 0.001) for the alpha angle, 0.739 (95% CI, 0.023-0.951; p = 0.005) for the LCEA, and 0.966 (95% CI, 0.835-0.994; p \ 0.001) for the MPFA.
We used the two-way mixed model (absolute agreement), as the evaluators in this study were not randomly selected and were measuring identical radiographs. The average of the measurements of the two evaluators was used for analysis. We performed a linear regression analysis to further characterize the relationship among MPFA, alpha angle, and rotation. All statistical analyses were 
Results
The alpha angle at 0°neutral/anatomic rotation was 46°and ranged overall from 39°to 62°with femoral rotation (Table 1) . At 50°external rotation, the head-neck junction was not adequately observed to accurately measure the alpha angle. From 40°ER to 60°IR, there was a steady decrease in the alpha angle ( Fig. 4 ). We found a linear relationship between alpha angle and rotation. Rotation accounted for approximately 58% of variation in the alpha angle. Linear regression analysis identified each additional 1°increase in IR reduced (p = 0.047) the alpha angle by approximately 0.176°. The LCEA at 0°neutral/anatomic rotation was 28°and ranged overall from 25°to 35°with femoral rotation ( Table 1) . From 40°ER to 60°IR, there was only a maximum 5°variation from the 0°neutral/anatomic rotation, with the highest variation at 50°ER (Fig. 4 ). In the IR range, there was only a maximum 3°variation. We identified no clear relationship with femoral rotation.
The MPFA at 0°neutral/anatomic rotation was 89°and ranged overall from 70°to 115°with femoral rotation (Table 1) . From 50°ER to 60°IR, there was a steady decrease in the MPFA (Fig. 4 ). We found a linear relationship between the MPFA and rotation. Rotation accounted for approximately 95% of the variation in the MPFA. Linear regression analysis identified each additional 1°increase in IR reduced (p \ 0.001) the MPFA by approximately 0.359°.
Discussion
Approach to a patient with symptomatic FAI should include a thorough clinical examination, including the impingement test, followed by appropriate plain radiographs, which then are followed by advanced imaging [28] . Many patients presenting with nonspecific groin and hip pain during activities are being diagnosed as having FAI [26] . In many institutions, especially in the community where resources for advanced imaging are limited, standard imaging work-up for nonspecific groin and hip pain often begins with an AP radiograph of the pelvis. One should be aware of the associated variability in pelvic tilt, magnification, and femoral rotation [3, 20, 32, 36, 38] , which may alter the radiographic appearance of the pelvis and/or proximal femur, while assessing and interpreting these biplanar radiographs. We therefore evaluated and characterized the potential effect of femoral rotation on (1) AP alpha angle, (2) LCEA, and (3) MPFA on AP hip radiographs.
This study had some limitations. First, we used only one cadaver, and the morphologic features of this cadaver hip were obviously individual to it. This study therefore should be considered a pilot study and any reported results will need to be confirmed in future studies with a large cohort of patients and/or specimens with varying morphologic features. Second, the MPFA, as described by Paley [27] , uses the center of the distal femur in measuring the femoral axis. In a standard AP pelvic or hip radiograph, the distal femur is not seen, so we used the center of the distal portion of the visualized femur, as described by Bardakos and Villar [1] , in which the MPFA predicted the likelihood of subsequent OA in FAI. Third, the radiographs performed in this study were AP hip radiographs and not true AP pelvic Values are the averages of the two evaluators' measurements; * the head-neck junction was not visible at 50°external rotation; NA = not applicable. radiographs. However, the x-ray beam was placed at the same distance as in a true pelvic radiograph and was not altered in any way as the femur was rotated. Therefore, the beam was not a variable in the study and we would not expect differing results had the hip radiographs been true AP pelvic radiographs. The alpha angle, which quantifies head-neck offset, has been used to describe cam morphology (ie, the loss of head-neck offset). Although described and validated on axial oblique images on MRI, there have been reports in the literature exploring its use on biplanar radiography [2, 23] . In this study, we found the alpha angle decreased with progressive IR of the femur and increased with ER. It was particularly concerning that only an ER of 20°was required to radiographically transform a normal alpha angle of 46°a t the 0°neutral/anatomic position to an abnormal measurement of 61° (Fig. 4) . The variability of the alpha angle with femoral rotation highlights the importance of standardization of patient positioning during radiography and a possible future need for the creation of a normative data atlas in different ages and sexes, with standardized rotation in asymptomatic hips without FAI. While reviewing literature related to the subject, one may have to be particularly cautious in interpreting retrospective studies that explored the utility of AP radiographs for cam morphology where standardization of patient positioning was not verified. In contrast to the alpha angle, we found no large variation of the LCEA with femoral rotation. Minimal detectable changes for the LCEA have been reported to range from 3.0°to 6.0° [22] . All measurements, except at 50°ER, varied less than 6°from the 28°that the LCEA measured at 0°neutral/anatomic rotation. Although conceptually the femoral head often has been thought of as a perfect sphere, this is not the case, even in asymptomatic normal hips [31] , and may account for the small variation seen in the LCEA with femoral rotation. A femoral head that is less or more spherical than the one used in this study may result in possibly more or less variability of the LCEA, respectively.
Similar to the alpha angle, the MPFA increased with ER and decreased with IR. Bardakos and Villar [1] reported a lower MPFA mean of 81°with a 7°SD in patients who progressed to OA versus a mean of 87°with a 7°SD in patients who did not progress to OA. In this study, we found a 5°minimum variation and a 22°maximum from the 0°neutral/anatomic rotation. In interpreting the increase in MPFA with IR, understanding the physics of conventional AP radiography is crucial. Traditional biplanar radiography uses a diverging conical x-ray beam that results in the magnification of structures that are closer to the x-ray beam, which in the case of AP radiographs, are the more anterior structures (Fig. 5 ). As the proximal femur internally rotates, the greater trochanter becomes more anterior and therefore will be magnified relative to the femoral head, as seen in the proximal femur with 60°I R (Fig. 1) . This results in the greater trochanter proximal tip becoming more vertical on the AP radiograph relative to the center of the femoral head and therefore decreasing the MPFA. A relatively small difference is seen between patients who progress to OA and those who do not [1] . The large variation seen with even a minimal rotation of 20°r aises concerns of the reliability of this measurement without strict standardization of patient positioning.
Plain radiography has remained the orthopaedist's preferred diagnostic tool for more than a century. Even in the current era, it continues to be important in understanding and diagnosing more recently understood conditions, such as FAI. Global availability of plain radiographs is a strong positive, but the variable measurements found with femoral rotation highlights the importance of standardizing limb positioning and rotation while obtaining these radiographs. Our data suggest the need to evaluate each radiograph for evidence of excessive femoral rotation or nonstandard positioning before interpreting important radiographic parameters that have diagnostic and treatment implications. It may be prudent to repeat radiographs, or in circumstances where standardized positioning is not feasible, advance imaging may be recommended.
